A simple and accurate genomic primer extension method has been developed to detect ultraviolet foot. printing patterns of regulatory protein-DNA interactions in mammalian genomic DNA. The technique can also detect footprinting or sequencing patterns introduced into genomic DNA by other methods. Purified genomic DNA, containing either damaged bases or strand breaks introduced by footprinting or sequencing reactions, is first cut with a convenient restriction enzyme to reduce its molecular weight. A highly radioactive single-stranded DNA primer that is complementary to a region of genomic DNA whose sequence or footprint one wishes to examine is then mixed with 50 lag of restriction enzyme-cut genomic DNA. The primer is %100 bases long and contains 85 radioactive phosphates, each of specific activity 3000 Ci/mmol (1 Ci = 37 GBq). A simple and fast method for preparing such primers is described. Following brief heat denaturation at 1000C, the solution of genomic DNA and primer is cooled to 740C and a second solution containing Taq polymerase (Thermus aquaticus DNA polymerase) and the four deoxynucleotide triphosphates is added to initiate primer extension of genomic DNA. Taq polymerase extends genomic hybridized primer until its polymerization reaction is terminated either by a damaged base or strand break in genomic DNA or by the addition of dideoxynucleotide triphosphates in the polymerization reaction. The concurrent primer hybridization-extension reaction is terminated after 5 hr and unhybridized primer is digested away by mung bean nuclease. Primer-extended genomic DNA is then denatured and electrophoresed on a polyacrylamide sequencing gel, and radioactive primer extension products are revealed by autoradiography. By using this method we demonstrate that it is possible to footprint with ultraviolet light, in intact monkey cells, regulatory protein-DNA interactions along a single copy of a simian virus 40 viral genome integrated into the monkey genome.
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In recent years a growing awareness that sequence-specific protein-DNA interactions coordinate complex patterns of gene expression during development has emerged. As a result, the purification of DNA binding regulatory proteins and the characterization of their interaction with target sequences has become an intense area of research in molecular biology. Unfortunately, the largely genetic approaches available to study these interactions are difficult to apply to developmental systems because of the lack of appropriate mutants or the difficulty of simultaneously probing many different protein-DNA interactions that act upon a gene at any instant to regulate its expression. Furthermore, genetic approaches are particularly ill suited to follow, in kinetic terms, the critical time evolution of these interactions throughout development since, once mutated, the importance of a particular protein-DNA interaction cannot be reassessed at later times.
As an alternative to genetic approaches, in vivo footprinting techniques can be used to examine protein-DNA interactions throughout development. These techniques have the unique capability of visualizing within intact cells, and within the chromosome, the binding of numerous regulatory proteins to DNA at any point in time and thus at all times throughout development. One such technique, termed ultraviolet (UV) footprinting (1-4), has been successfully used to detect protein-DNA interactions in simple organisms such as Escherichia coli (1) and yeast (5, 6) ; however, its use in more complex differentiated organisms has not been reported.
In this paper we describe the development of a genomic primer extension technique that can detect at single nucleotide resolution either damaged bases or strand breaks within unique sequences of mammalian DNA. By using this technique we demonstrate that it is possible to sequence as well as footprint in vivo with UV light a single copy of the simian virus 40 (SV40) viral genome integrated into a monkey genome. When coupled with the genomic primer extension technique, the UV footprinting technique becomes a powerful method for detecting in intact cells and within the chromosome critical regulatory sequences and their interactions with regulatory proteins during development. With this capability in hand, the mechanisms responsible for establishing and altering regulatory protein-DNA interactions along genes during development can now be addressed. (ii) At 50°C, the primer transiently snaps back on itself resulting in self-primed extension products. Both of these problems are minimized at 74°C where Taq is very active. For some primers, however, we noted that self-primed extension products persist to some degree even at 74°C. To eliminate this problem, as well as to reduce radioactive smearing arising from unextended primer, we have included in our general protocol a mung bean digestion step following genomic primer extension to digest away primer snap-back products and unextended primer.
MATERIALS AND METHODS
To establish the authenticity of the genomic primer extension technique we first examined whether a single copy gene, integrated into a complex eukaryotic genome, could be accurately sequenced by the genomic primer extension method. Total genomic DNA from a monkey cell line, COS-1, was used in these experiments. COS-1 genomic DNA contains one copy of a replication-deficient SV40 virus integrated into its genome (9) . To carry out sequencing analysis, a highly radioactive 79-base primer complementary to SV40 sequences was hybridized to either COS-1 genomic DNA or nonintegrated SV40 viral DNA, and Taq extension was allowed to take place in the presence of the four dNTPs and a small amount of ddNTP (10) . In Fig. 1 Biochemistry: Becker et al.
As summarized in Fig. 1 , for the same DNA sequences, the dideoxy sequencing patterns of SV40 DNA integrated into the monkey genome are identical to those observed for nonintegrated viral SV40 DNA.
In contrast to the chain-termination approach of Sanger, other sequencing or footprinting techniques require the detection of strand breaks in the DNA backbone. To investigate whether strand breakage patterns in genomic DNA could be directly mapped by the genomic primer extension method, COS-1 DNA was subjected to the depurination chemistry of Maxam and Gilbert (12) , which specifically introduces strand breaks at guanine and adenine. When this DNA is hybridized to the SV40 specific primer, Taq will extend the primer until a strand break in genomic DNA is encountered, at which point the enzyme will fall off. In Fig. 1 , the strand breakage pattern introduced into genomic DNA by the (G+A) depurination reaction and subsequently detected by the genomic primer extension method is shown (lane 16) . This pattern can be directly compared to the guanine-specific pattern determined by dideoxy sequencing of the same genomic DNA (lane 15). Identical patterns are observed at guanines in both cases. Furthermore, the additional adenine sequence deduced in lane 16 is in complete agreement with the known sequence of SV40 DNA. Having determined that DNA sequences as well as strand breaks within genomic DNA can be accurately mapped by the genomic primer extension method, we next examined whether 0U) z w H the genomic primer extension method could be used to detect UV photoproducts within genomic sequences. Two different monkey cell lines were used in these experiments. The first, COS-1, is the same cell line used in the genomic sequencing experiments, whereas the second, CV-1, is isogenic to COS-1 but lacks an integrated copy of SV40 in its genome. Genomic DNA was isolated from both COS-1 and CV-1 cells and irradiated as protein-free DNA in vitro. The same SV40-specific primer used to detect sequencing patterns in genomic DNA was then used to detect UV footprinting patterns in both genomic DNAs. In lane 2 the primer extension products that result when no DNA of any kind is included in the primer hybridization Taq extension step is shown. The low molecular weight bands observed in this experiment result from the long primer transiently snapping back on itself and directing the synthesis of self-primed extension products.
In lane 1 the primer extension products that result when 50
,ug of UV-irradiated CV-1 DNA is included in the hybridization step are shown. Quite remarkably, the only primer extension bands detected in this experiment are those resulting from the primer snapping back on itself and directing the synthesis of self-primed extension products. In marked contrast, when 50 ,ug of the same UV-irradiated genomic DNA containing one integrated copy of the SV40 genome (COS-1 DNA) is hybridized to the SV40-specific primer and extended, discrete primer extension bands are observed over a stretch of 300 base pairs (lanes 5 and 13) . weaker or absent in unirradiated COS-1 DNA (lanes 3 and 11) they represent sites of UV damage that terminate Taq polymerization. Taq polymerase, like the Klenow polymerase (2) , terminates synthesis one nucleotide before a UV-damaged base (13) (G.G., K.A.B., and M.M.B., unpublished results).
Taken together these results demonstrate that damaged bases within a 300-base-pair stretch of single-copy DNA integrated into a monkey genome can be specifically visualized on a sequencing gel without interference from the remaining 6 billion base pairs of monkey genomic DNA.
To determine whether the sites of UV damage detected in genomic DNA are accurately mapped by the genomic primer extension method, we also examined the formation of UV photoproducts in nonintegrated viral SV40 DNA. In these experiments intact CV-1 cells were infected with SV40 virus and irradiated with UV light late in viral infection. SV40 minichromosomes were then isolated from nuclei, purified on a sucrose gradient, and phenol extracted to yield viral DNA. The UV footprinting pattern observed in this DNA is essentially identical to the UV footprinting pattern observed in protein-free SV40 DNA irradiated in vitro (G.G., K.A.B., and M.M.B., unpublished results). When the UV footprinting pattern of this viral DNA (lanes 9 and 18) is compared to the UV footprinting pattern of protein-free COS-1 genomic DNA irradiated in vitro (lanes 5, 6, 13, and 14) , identical sites ofUV modification are observed over those sequences common to both DNAs.
To determine whether the binding of regulatory proteins to the integrated copy of SV40 in COS-1 genomic DNA could be detected in vivo with the UV footprinting technique, we irradiated intact COS-1 cells with UV light. Genomic DNA was then purified from irradiated COS-1 cells and subjected to genomic primer extension analysis using the same SV40-specific primer as before (lanes 4 and 12) . When the UV footprinting patterns of this in vivo irradiated DNA are compared to the UV footprinting patterns of protein-free COS-1 genomic DNA irradiated in vitro (lanes 5, 6, 13, and 14), a 70-base stretch of SV40 genomic DNA is found to exhibit lower levels of UV damage when irradiated in vivo (Fig. 2 Upper) . A quantitative analysis ofthese results reveals that the six CCCGCC sequences (GC motifs) contained within the 21-base-pair repeat region of SV40 are strongly protected from UV damage in vivo (Fig. 2 Lower) . Because the integrated copy of SV40 in the COS-1 genome is actively making large tumor antigen (T antigen), it is likely that the factor bound to GC motifs 1 through 6 in vivo is the Sp-1 transcription factor. Previous measurements have argued that the binding of the Sp-1 factor to all six GC motifs of SV40 viral DNA is required for the efficient synthesis of the T antigen in vivo with sites 1 through 3 being most critical (15, 16) . Remarkably, when the UV footprinting patterns of sites 1 through 3 are compared to one another, a strikingly similar pattern of UV protection is observed at each site. We presume this pattern reflects the binding of the Sp-1 factor to sites 1 through 3 in the chromosome. Although UV photoproducts within GC motifs 5 and 6 are not fully resolved in our sequencing gel, the UV protection pattern detected at both sites is also consistent with Sp-1 attachment, with site 5 being bound more tightly than site 6. In accord with our previous measurements (1-3), the marked inhibition of UV photoproduct inhibition observed at sites 1 through 5 is characteristic of regulatory protein-DNA contacts and not chromosomal protein-DNA contacts.
Although Sp-1 can bind GC motifs 1, 2, 3, 5, and 6 in vitro, it does not bind site 4 owing to steric interference from a more tightly bound Sp-1 factor at site 5 (16) . Because all six GC motifs are required for efficient T antigen synthesis in vivo, it has been suggested that site 4 may distort to allow Sp-1 to bind in vivo (15) . In support of this hypothesis, we find that the UV footprint of site 4 is altered relative to sites 1 through 3. Rather than exhibiting two peaks of inhibition, site 4 exhibits only one.
In contrast to the results obtained for GC motifs 1 through 6, we find no evidence for the binding of a regulatory protein to the TATA box just upstream of the GC motifs. Mutational analysis has shown that this sequence is important for efficient synthesis of the T antigen (17) . Similarly, no significant inhibition of UV photoreactivity is observed over the known T antigen binding site II (Fig. 2 
